The results of these studies demonstrate that carbon dioxide is required for the growth and maintenance of strains of fibroblasts derived from human tissues, strains FS4-705 and U12-705, from mouse tissue, strain L-705, and from rabbit tissues, strains RM3-56, RS1-56, and RT-56 in a chemically defined medium containing phosphite buffer in place of bicarbonate and supplemented with dialyzed serum and dialyzed embryo extract. Under these conditions, the cells fail to proliferate at a significant rate and begin to degenerate within 5 to 10 days when the flasks are not stoppered. Suflficient carbon dioxide is produced by the ceils to promote growth as indicated by the fact that maximal proliferation is obtained in the same phosphite media when stoppered flasks are employed. With the exception of RS1-56, all the remaining strains tested can be propagated serially in open flasks containing phosphite medium prepared with whole serum and embryo extract. The rate of growth under these conditions, however, is only one-half to onethird that obtained in stoppered flasks containing phosphite medium or the conventional bicarbonate medium.
An earlier report from this laboratory described the propagation of several strains of mammalian cells in media containing fixed buffers such as tris(hydroxymethyl)aminomethane and glycylglycine in place of the conventional carbon dioxidebicarbonate system (1) . Studies on the practical application of fixed buffers in tissue culture media were subsequently extended to include other compounds which are compatible with calcium and other cations and which are effective buffers in the p H range 7.0-8.0. In the course of these investigations, it was observed that several strains of fibroblasts proliferate at a reduced rate in certain media containing sodium phosphite (2) in place of bicarbonate when the flasks were dosed only by means of loosely fitting metal caps instead of stoppers. These observations suggested that carbon dioxide might be an essential nutrient for fibroblasts propagated in vitro. Some support for this * Aided by a grant (No. E-1547) from the National Institute of Allergy and Infectious Diseases, National Institutes of Health, United States Public Health Service. speculation was indicated by other investigations which demonstrated that carbon dioxide is beneficial for the outgrowth of cells from explanted rat kidney (3, 4) and essential for explants of chick embryo tissue (5, 6) . The results to be presented demonstrate that carbon dioxide is essential for the proliferation of six permanent strains of fibroblasts, derived from human, mouse, and rabbit tissues, when propagated in media containing dialyzed chick embryo extract and dialyzed horse serum.
Materials and Methods
The following strains of cells were propagated serially as described previously (7-9) : human fibroblasts, strains FS4-705 and U12-705 (8), rabbit fibroblasts, strains RM3-56, RS1-56, and RT6-56 (9) and mouse fibroblasts, strain L-705 (10) . Medium 705 is composed of solution 703 (11) supplemented with 5 per cent (V/V) chick embryo extract (CEE, 7) and 20 per cent normal horse serum (NHS) and medium 56 contains 5 per cent CEE, 10 per cent NHS, and 85 per cent solution S18 (12) . Dialyzed chick embryo extract (DCEE) and dialyzed horse serum (DHS) are prepared by dialysis (12) . The basal media employed contain the following: Basal medium number 1 (BM1) --5 per cent CEE + 10 per cent NHS + 85 per cent (V/V) S104 described in Table I ; BM2 = 10 per cent DCEE + 10 per cent DHS + 80 per cent S104; BM3 = 5 per cent DCEE + 5 per cent DHS + 90 per cent S104. Duplicate cultures are prepared from 5 to 7 day old stock cultures as follows. The cells are harvested as described previously (7) (8) (9) and the resulting suspension is diluted with an equal volume of medium and passed through a sintered glass filter (Ace Glass, Inc., Vineland, N. J., porosity B) to remove any clumps of cells that remain. The filtrate is diluted with an equal volume of the appropriate medium (705 or 56) so as to contain 5 X 104 cells per ml. and 4 ml. aliquots are added to S-201 flasks which are incubated overnight at 37 ° C. The medium is removed from groups of 6 to 8 duplicate cultures and the cells which adhere to the glass are washed twice with 2 ml. portions of experimental medium. Four ml. of experimental medium is then added to each flask. These are incubated at 37 ° C. and the medium is replaced on the 3rd, 6th, and 8th days and the experiment is terminated on the 10th day.
1 Flasks with a surface area of 20 cm. 2 prepared from square pyrex tubing (2 cm. I.D.). $20 flasks can be purchased from Euclid Glass Engineering Laboratory, Cleveland, Ohio.
On the 5th and 10th day the cells in one-half the flasks of a given group are enumerated by the modification of the nuclear counting procedure of Sanford el a/. (14) which is used in this laboratory (12) . The number of cells present at the beginning of the experiment is determined by applying the same procedure to a separate group of 3 to 4 duplicate flasks from the same set. Stock solutions of 1 M sodium phosphite are prepared by neutralizing a 30 per cent aqueous solution of purified phosphorous acid (J. T. Baker Chemical Co., Phillipsburg, N. J.; cooled in ice bath) with 10 N sodium hydroxide and diluting to volume with distilled water. These are stored at --20 ° C. until just prior to use and the final adjustment in pH is made on the completed culture media (Tables II and III) after the addition of phosphite. Table II compare the growth of 6 strains of fibroblasts in BMl-phosphite medium with that obtained in BMl-bicarbonate medium (see protocol beneath Table II) . Growth of individual strains in stoppered flasks is the same whether BM1 is supplemented with phosphite, phosphite plus bicarbonate, or bicarbonate. It is to be noted however, that growth of all strains is reduced by a factor of at least 2 when BM1 is supplemented with phosphite and the flasks remain open to the air by ]T Fold-increase in cells for period indicated; average values for 2 or more experiments. ¶ Degenerative changes in the cells evident after S to 10 days.
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of fibroblasts in open flasks containing BM2 or BM3 with added phosphite. In spite of the fact that some growth is obtained under these conditions, the cells of all strains except L-705 and RT6-56 begin to degenerate within 5 to 10 days. Examples of some of the cytologic changes observed are illustrated in Figs. 1 to 6. As might be anticipated from the data on growth in Table III, DISCUSSION The foregoing data demonstrate that carbon dioxide is essential for the growth and maintenance of 6 permanent strains of fibroblasts. Furthermore, mammalian fibroblasts propagated in vitro resemble bacteria and other microorganisms in that they produce sufficient metabolic carbon dioxide to satisfy their nutritional requirements as indicated by the fact that the omission of carbon dioxide from the medium is without effect on growth provided the flasks are stoppered. These observations explain why Eagle (15) was unsuccessful in demonstrating a carbon dioxide requirement for strains L and HeLa in experiments with stoppered flasks containing a bicarbonatefree medium. Geyer and Chang (16) demonstrated recently that 2 strains of human epithelial cells (HeLa and conjunctival cells) also require carbon dioxide for growth. This was accomplished by employing potassium hydroxide to adsorb the carbon dioxide contained in the culture vessels. The data presented in Tables II and III indicate that a closed system is required for the practical application of fixed buffers (1, 2) as a substitute for the conventional carbon dioxide-bicarbonate buffer system in tissue culture media. That is, the use of fixed buffers (provided they are non-toxic) appears to be limited only by the ability of the cells to produce sufficient carbon dioxide metabolically. The results of the present studies are not in accord with the conclusion of Harris (5) , that the principal function of carbon dioxide is in the maintenance of the appropriate intracellular pH. This conclusion was based on the failure to obtain outgrowth from explants of chick embryo tissue at pH levels below 7.8 in media free from carbon dioxide, whereas limited growth was observed at higher pH values. It is suggested that these results may be related to the amount of carbon dioxide retained in solution which is a function of the pH of the medium.
Carbon dioxide has long been recognized as an important compound in the nutrition of bacteria (17, 18) and protozoa (19) . A biochemical basis for the role of carbon dioxide in nutrition was established when Wood and Werkman (20) demonstrated that it is fixed by heterotrophic bacteria. Since the advent of isotopic tracer techniques, the intermediary metabolism of carbon dioxide has been studied in considerable detail, and it is now recognized that this compound is involved in the synthesis of many important rfietabolites by tissues of both animal and plant origin (21, 22) . The ubiquitous occurrence of carbon dioxide fixation and its important role in cellular biochemistry has prompted Werkman (23) and others to speculate that it is essential for all living cells. The results of these studies in addition to the investigations of others (3-5, 6, 16) 
